Interactions between poly A and poly U have been studied by spectrophotometric titrations.
The interactions between synthetic homopolynucleotides have frequently been regarded as being representative of the natural hetero polynucleotides DNA and RNA. Especially -the helical poly Apoly U complex has proved an excellent tool for studying different aspects of DNA and RNA structure. These polymers either form a (A + U) double helical structure involving one poly A and one poly U strand or a three stranded (A + U + U) structure involving one poly A and two poly U strands according to salt concentration, temperature and mole fractions of the reactants [2] [3] [4] [5] [6] [7] . Examination of the changes in U.V. absorption spectra accompanying the interactions between poly A and poly U when ionic strength, temperature and relative proportions of poly A and poly U are varied, enabled STEVENS and FELSENFELD to determine the stability conditions of the various poly A -poly U structures 8 . By combining the results of these spectrophotometric studies with calorimetric measurements of the interaction heat of the reaction poly A + poly U-> (A + U) or (A + U + U) it is possible to gain thermodynamic information about the formation of the two-and three stranded complexes. Especially the transition of two-and three stranded aggregates can be understood on a thermodynamical basis 8 ' 9 .
In the present investigation, the interaction between poly A and poly U has been studied by spectrophotometric titrations of the different poly Apoly U complexes in the pn region of the ionisation of the -N(i)H -C(g) = 0 groups of poly U. By doing so over a large range of ionic strengths we gained an insight into the forces involved in the interaction between poly A and poly U. Likewise spectrophotometric titrations at several temperatures yielded information about the thermodynamics of poly A -poly U complex formation.
Materials and methods

This AFi fits in with an ordinary titration curve
Poly A and poly U were purchased from Miles ChepH = pK + log mical Company and used without further treatment. The solutions to be titrated were prepared by suitable dilution of stock solutions of poly A and poly U, kept in the deepfreezer after their preparation. All other chemicals were of an analytical grade. The titrations were performed three hours after having mixed the different components and adjusted the solutions to PH 7.0 with sodium hydroxide. Meanwhile the temperature of the solutions to be titrated was equilibrated.
Our technique for spectrophotometric titrations is commented elsewhere 10 .
-a
for the (A -f U) complex.
2. we may calculate the free energy change when a dissociable group with dissociation constant K is kept undissociated till a hydrogen ion activity
AF\\= -AFionisation = -2.3 RT log h + k h
Results
The results indicate that by mixing at neutral pn equivalent amounts of poly A and poly U, most poly A and poly U is complexed into (A + U) after a certain time (three hours). The formation of a small quantity of the (A + U + U) complex could neither be proved nor disproved n . The contamination of the (A + U) complex by a few percent of the (A + U + U) complex however cannot influence noticeably the observations dealing with the (A + U) structure.
The titration curves of the (A + U) and (A + U + U) complexes are distinctly anomalous when compared to those of poly U: they are shifted towards higher PH values and abnormally steepened. The titration curve of the (A + U) complex indicates a sharp transition at a pn value pn s i, higher than the pK of poly U where the transition (A + U)-> A + U e takes place. The titration curve of the (A + U + U) complex indicates two transitions: at a pn value pn s 2 one is dealing probably with the conversion (A + U + U) ->(A + U) +U® and at p Hs i one has (A + U) +U G -H»A + U e +U 03 . By comparing the pK' values of poly U with the pn s i and pn S 2 values at several ionic strengths, the free energy change of the interactions A + U->(A + U) or (A + U) + U->(A + U + U) can be calculated.
Two expressions may be proposed: 1. when we solely consider the pK variation between the free poly U and the poly U partaking in the (A + U) complex, we may write to
This AF11 value is coincident with a perpendicular titration curve for the (A + U) complexes. The titration curves observed in reality are intermediate between the usual and the perpendicular titration curves; they come closer to the former at lower and to the latter at higher ionic strengths.
We propose the following expression for the AF values conforming to the observed titration curves
where S 0 : the area underneath the observed titration curve, S t : the area underneath the titration curve corresponding to the expression p H = pK + log ( Fig. 1) . By proceeding thus for the (A + U) and for (A + U + U) complexes at several ionic strengths, it was possible to determine the free energy change AF n -600 -280 Table 2 . AF values in cal./mole for the interactions
A+U --(A + U) and (A+U)+U -" (A+U + U).
of the interaction between poly A and poly U in function of ionic strength (Fig. 2) . In order to collect further information about the forces underlying the conversion of the two-stranded (A + U) to the three-stranded (A + U + U) aggregate, we performed spectrophotometric titrations at higher temperatures. The results are summarized in Table 2 .
Discussion
The stability changes of poly A -poly U complexes as a function of ionic strength have most frequently been studied by following thermostability changes at various ionic strengths [13] [14] [15] [16] . The variations in stability of poly A -poly U complexes against alkaline dissociation due to varying ionic strengths can be interpreted in a similar way and disclose some aspects of the interaction forces at play.
The free energy change AF may be conceived as being made up by the sum of two terms AF = AF 0 + AF e , AF 0 being dependent on hydrophobic interactions and H-bonding between the base pairs and AF e being the electrostatic contribution of variations in interaction between the phosphate groups of the polynucleotide chains. The ionic strength markedly influences AF e and has little or no effect on AF 0 .
By comparing the theoretical expression AF = AF 0 + AF e to the AF values obtained from the spectrophotometric titrations, information can be gained about both AF 0 and AF e . Firstly a theoretical expression for AF e has to be deduced. According to preceding treatments, the double stranded (A + U) helical structure as well as the single stranded poly A and poly U can be regarded as rods. The model chosen for the (A + U) helix is that of a cylinder where the negative phosphate groups of the two polynucleotide chains are spread over the surface and in which the interacting bases form the core. As well as for the DNA molecule and the single stranded polynucleotides, we can write for the double stranded (A + U) structure 13, 14 e iph = -k T {Cx -C2 log Cgait) • 13 L. KOTIN We obtain AF 0 = -1715 cal/mole and further Cj -0.73 = 0.47 and C 2 -1.7 = 1.1 so that the electrostatic potential of the double stranded (A + U) helix can be written as --^=1.2-2.8 logCNaCl.
We can proceed in the same way for the (A + U + U) complex. We have For the electrostatic potential of the three stranded polynucleotide complex (A + U + U), we have --^-=1.43-3.35 log CNaCi.
Several conclusions can be drawn from our results. We got an experimental estimation of the values AF 0 and AF e of the interactions A + U-> (A + U) and (A + U) + U (A + U + U). In the two cases there is competition between the stabilizing hydrophobic-and hydrogen bonds between the bases on one side and the destabilizing electrostatic interactions between the two negative poly ribose phosphate chains on the other side. Their relative contributions determine the stability zones of the (A + U) and (A + U + U) structures. It is noteworthy that the destabilizing electrostatic forces are almost the same for the two stranded and the three stranded structures (the AF e values agree within 10%) so that the shift of the stability zone of the (A + U + U) complex towards higher ionic strengths is not so much caused by stronger electrostatic destabilizing forces as by weaker stabilizing forces. A logarithmic plot of the AF values of the interaction A + U ->(A + U) vs. ionic strength levels off at higher ionic strength (Fig. 2) . This may be related to a denaturation effect by electrolyte concentrations similar to that described for DNA by HAMAGUCHI and GEIDUSCHEK 17 . It is remarkable that the (A + U + U) structure apparently is not affected by higher ionic strengths; the different effect of higher ionic strengths on the (A + U) and (A + U + U) structures may perhaps be the consequence of the more compact structure of the (A + U + U) aggregate, the hydrophobic regions of the three polynucleotides thus being better screened off from the hydrophobic bond breaking effect of high electrolyte concentrations 17 . Concerning the (A + U) structure, we have to adapt the expression for the AF values. We can write
where AF& is the denaturation free energy change caused by higher electrolyte solutions. The relative values of the three contributions can be calculated from the experimental AF values. The results are shown in Table 3 .
The AF values of the (A + U) and (A + U + U) complexes, determined at several temperatures, can The conversion of the two-into the three stranded structure can be defined with the following schemes:
+AFu,
so that the AF values for the conversion can be calculated from the observed AF\ and zJFn values (Table 5 ). From these values, we may conclude that for co=l we have 2(A + U)(A + U + U) + A at 50% 46 °C. For <0 = 0.3 we find this composition at 55 °C<< °C<60 °C. We are also able to calculate the entropy and enthalpy changes for 2 (A + U) (A + U + U) + A. Indeed from Table 4 we obtain for 0) = 1 AF = 3980 cal./mole -12.4 e. u. T° (Kelvin) and for ft) = 0.3 zfF = 3880 cal./mole-11.5 e.u. T° (Kelvin).
We thus find an enthalpy value opposing and an entropy value promoting the conversion. who found at <0 = 0.5 AH = + 3800 cal./mole and AS = + 11.5 e. u.
By performing spectrophotometric titrations at several ionic strengths and temperatures, we can get additional knowledge about the forces underlying the transition from the (A + U) to the (A + U + U) structure.
For that purpose, we determined AF 0 and AF e of the interactions A + U->(A + U) and (A + U)+U -> (A + U + U) at several temperatures.
We suppose that for the expression
the constants C ± ' and C 2 ' are independent of temperature 13 so that AF e varies linearly with temperature. The parameters C/ and C 2 ' have been determined from the spectrophotometric titrations at 20 °C. With these suppositions, we are able to calculate the AF 0 values for the (A + U) and (A + U + U) aggregates from the AF values measured at several ionic strengths and temperatures (Table 6) . the (A + U + U) complexes in function of ionic strength and those obtained by means of our spectrophotometric titration studies. Our titration studies on the (A + U) and (A + U + U) complexes at constand temperature and various ionic strengths show that the destabilizing electrostatic forces for (A + U) and (A + U + U) take the same values within 10 per cent.
The transition temperature for (A + U + U) is more strongly influenced by a change in ionic strength than for (A + U) : a tenfold increase of the ionic strength causes an increase in Tm of (A + U + U) by 30 °C and of (A + U) by 19°C 21 : this suggests a stronger influence of the destabilizing forces in the (A + U + U) than in the (A + U) structure. We have AF = AF 0 + AF e and at the transition temperature (melting temperature) we have AF = 0 or AF 0 --AF e .
The AF e values of the two-and three stranded complexes change linearly with temperature AF.-RTiCi-CtlogCrtt) 13 and from Table 6 , it can be deduced that the forces represented by the AF 0 values of the (A + U) complex are more weakened by a rise in temperature than those of the (A + U + U) complex. From this it follows that an increase in ionic strength may be able to cause the same weakening of the destabilizing electrostatic forces but not the same increase of the melting temperature for the (A + U) and (A + U + U) complexes since the non electrostatic forces of the (A + U) complex are more weakened than those of the (A + U + U) complex.
